Understanding the nature of the interaction at the graphene/metal interfaces is the basis for graphene-based electron-and spin-transport devices. Here we investigate the hybridization between graphene-and metal-derived electronic states by studying the changes induced through intercalation of a pseudomorphic monolayer of Cu in between graphene and Ir(111), using scanning tunnelling microscopy and photoelectron spectroscopy in combination with density functional theory calculations.
standing phase, as judged by its electronic structure derived from photoemission and scanning tunnelling spectroscopy [20, 21] . Intercalation of 1 ML of Co or Ni leads to a strong buckling of the graphene layer similar to the one formed on Ru(0001) [22] , and a large energy gap between π and π * states around the K point occurs, due to the broken symmetry for the two carbon sublattices in the graphene unit cell, induced by the strong hybridization of the graphene π and Co, Ni 3d valence band states; in both cases the linear dispersion of the graphene-derived states in the vicinity of E F is not conserved [17] [18] [19] .
A very different situation is found for intercalation of noble metals (Cu, Ag, Au) and the formation of single close-packed pseudomorphic layers. Here, due to the absence of d states in the close vicinity of E F and the change of the doping of graphene upon intercalation, the influence of π − d hybridization effects on the electronic structure of graphene is much weaker [7, 8, 23, 24] , and the linear dispersion of the graphene-derived π states survives. The intercalation of single layers of noble metals is a suitable model system to investigate the interaction between graphene and metals, since it permits to follow the competition between the different (substrate and intercalated layer) electronic states.
Here we study a pseudomorphic single layer of Cu atoms intercalated in between graphene and Ir(111), using angle-resolved photoelectron spectroscopy (ARPES), scanning tunnelling microscopy (STM), and state-of-the-art density functional theory (DFT) calculations. The interaction between the metal and graphene can be studied in detail because of the sharp and well separated signatures of the Cu 3d bands in photoemission. Our results yield a complete picture of hybridization between the Cu and carbon derived states and the consequent opening of a band gap in the graphene π bands; they are of importance for the understanding of the bonding mechanism at graphene-metal interfaces in general. This system is also interesting since it permits the creation of a single layer of Cu under considerable tensile strain, because of the lattice mismatch of 6.2% between the two metals. If deposited on top of an Ir (111) surface, this strain leads to de-wetting and the creation of 3D islands/clusters even at low coverages, or to dendritic growth of layers as in the case of Au on Ir(111) [25] or incomplete growth of Cu on Pt(111) [26] .
RESULTS
Graphene layers on Ir(111) were prepared in a standard way via cracking of propylene gas at 1100 • C. STM images demonstrate the long range ordering of the moiré structure over several hun-dreds nm as shown in Fig. 1(a) ; this image is an extract of the originally acquired 300 × 300 nm 2 STM data set. The lower inset shows an atomically resolved STM image of the moiré unit cell of graphene/Ir(111), which demonstrates the periodicity of 10 graphene unit cells over 9 unit cells of Ir(111), consistent with the corresponding low energy electron diffraction (LEED) pattern shown in the upper inset of Fig. 1(a) [27] [28] [29] . At the bias voltages used in the experiment (U T = +0.3 V and U T = +0.5 V), graphene/Ir(111) is imaged in the so-called inverted contrast [27, 30] , where the crystallographically highest ATOP positions are imaged as dark areas and the lowest HCP and FCC places are imaged as bright ones, demonstrating the strong influence of the electronic structure on STM contrast (for the definitions of the high-symmetry positions of the graphene/metal moiré structure see Fig. S1 in the supplementary material).
Intercalation of a 1 ML-thick Cu layer underneath graphene was performed via stepwise annealing of a deposited layer of Cu (with a nominal thickness of 1.5 ML) on graphene/Ir(111). During this procedure, the intensity of the "live" C 1s and Ir 4 f photoelectron spectra was taken as the intercalation proceeded as a function of annealing temperature [see Fig. S2 Figure 1(e) shows the structure of the graphene/Cu/Ir(111) system as derived from DFT calculations. A (10 × 10) unit cell graphene lattice was placed on a (9 × 9) five layer Ir(111) oriented slab, and the graphene and the topmost Ir layers were then allowed to relax. The resulting in-plane lattice constants of graphene are close to those of the free-standing species. For the structural evaluation of the intercalated system, the topmost metal layer (S) in Fig. 1(e) was replaced by Cu.
The Cu atoms were found to take up the positions of the Ir atoms, and the distance between the topmost metal layer and graphene in the ATOP position was found to be 3.581Å for graphene on Ir and 3.122Å for the intercalated Cu layer, a considerable reduction, signaling an enhanced interaction of carbon with the Cu atoms. Other structural parameters are given in Table T1 in the supplementary material.
The conservation of long range periodicity of the system after intercalation of Cu is also shown by the LEED images of the graphene/Cu/Ir(111) system [upper inset of Fig. 1(b) ]. However, while the periodicity of the spots reflecting the existence of the graphene moiré structure is similar to that for graphene/Ir(111), the symmetry of spot intensities is reduced from sixfold to threefold. Hence we directly infer a lowering of the local symmetry, which means that the sublattice symmetry for the two carbon atoms in the graphene unit cell is broken. Thus we expect a strong modification of the electronic structure of graphene in the vicinity of E F .
This modification is revealed in detail using ARPES and a comparison of the results with our DFT calculations. Such data demonstrate deviations from the band structure expected for freestanding or electronically decoupled graphene, and because of the sharp and well-separated Cu 3d band spectral features, permit to identify details of band hybridization. Consider the photoemission intensity maps of graphene/Ir(111) and graphene/Cu/Ir(111) in the vicinity of E F in Fig. 2 . The different width of the gap for the different graphene/Cu interface can be probably connected with the various periodicities of the corresponding moiré structures as was shown in Ref. [33] .
Assuming the pseudomorphic growth of Cu layer at the interface in all cases the energy gap has to increase in the row graphene/Cu/Ni(111) → graphene/Cu(111) → graphene/Cu/Ir(111).
DISCUSSION
The appearance of an energy gap around the K point in the spectrum of the graphene π states is one of the intriguing problems in graphene interface studies, and its existence or absence, for example in graphene on SiC(0001), has been extensively discussed [34, 35] . For single layer graphene on those metals that do not destroy the Dirac cone, i. e. the noble metals, Pt or Ir, gap openings have been observed in photoemission, and this has been attributed to sublattice symmetry breaking induced by a superstructure that couples the states at the K and K points. As we will show through DFT calculations below, the dominating factor that determines the magnitude of the energy gap is the strength of hybridization of the graphene-derived π states with the valence band states of the substrate, which leads to the broken symmetry of the two carbon sublattices as shown already by the LEED data in Fig. 1(b) .
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The analysis of structural features is shown in Fig. 1(e) . Here the interface metal layer (S) is either Ir or Cu on Ir(111). A pseudomorphic arrangement of the Cu layer on Ir(111) is assumed in the structure optimization procedure, a reasonable assumption in view of the LEED and STM data.
At the energy minimum, a corrugation of the graphene layer on Cu/Ir(111) of 0.229Å is found, which is much lower than the one of 0.307Å for graphene/Ir(111) [30] . The calculated carbon site projected partial density of states (PDOS) for the graphene-derived π states in graphene/Cu/Ir (111) shows that graphene is n-doped with the Dirac point at 0.45 eV binding energy and a band gap of 0.15 eV [ Fig. 4(a) ], whereas the experiments give values of 0.688 eV and 0.36 eV, respectively The effect of hybridization can be visualized in real space in the charge distribution across the moiré unit cell; the corresponding difference in electron density, ∆ρ(r), defined as a difference of densities for graphene/Cu/Ir(111) and those for the separate layers in the system, is shown in Having shown the occurrence of hybridization of the graphene π and Cu 3d valence band states through photoemission, we demonstrate that this process is responsible for the appearance of the energy gap in the electronic structure of graphene at the Dirac point. Hybridization leads to the intermixing of the π orbitals with 3d orbitals of the corresponding orbital character (symmetry) depending on the carbon atom in the unit cell. According to the picture of Fig. 4(b) , which shows the charge distribution difference, the most intensive interaction is observed around the FCC and HCP places. Here, one of the carbon atoms is placed above the interface Cu atom and hybridization between C top p z and Cu 3d z 2 orbitals is observed. The second carbon atom is placed either above the hcp or f cc hollow site of Cu/Ir(111), and here the hybridization between C f cc,hcp p z and Cu 3d xz,yz orbitals occurs. For free-standing graphene the electronic states originating from two carbon sublattices are degenerate around the K point. The interaction of electronic states of carbon atoms with the 3d electronic states of different symmetry of the Cu layer leads to the lifting of this degeneracy and to the opening of the band gap at the K point. Symmetry breaking is also reflected in the photoemission data in the region of the Cu d bands. Along the Γ − K line, the group of the k-vector in free-standing graphene is C 3v , such that carbon p z -derived bands and those from Cu d xz,yz would not be allowed to interact. However, an avoided crossing between these states, indicative of symmetry reduction, is apparent in the data of (Fig. 2) . The symmetry must therefore be further reduced, on account of the lattice mismatch leading to the moiré structure. ARPES experiments. The ARPES measurements at photon energies of hν = 65 eV and hν = 94 eV were performed at the BESSY II storage ring (Berlin) in the photoemission station using PHOIBOS 100 2D-CCD hemispherical analyzer from SPECS. Experiments with He II radiation (hν = 40.81 eV) were performed in the SPECS demo lab using a FlexPS system with PHOIBOS 150 2D-CCD analyser. In both cases a 5-axis motorized manipulator was used, allowing for a precise alignment of the sample in k space. The sample was azimuthally pre-aligned in such way that the tilt (BESSY II) or polar (FlexPS) scans were performed along the Γ − K direction of the graphene-derived BZ with the photoemission intensity on the channelplate images acquired along the direction perpendicular to Γ − K. The final 3D data set of the photoemission intensity as a function of kinetic energy and two emission angles, I(E kin , angle 1 , angle 2 ), were then carefully analyzed.
STM experiments. The STM measurements were performed in constant current (CC) mode. In this case the topography of the sample, z(x, y), is studied with the corresponding signal, tunneling current (I T ), used as an input for the feedback loop. The STM images were collected with SPM Aarhus 150 equipped with the KolibriSensor TM from SPECS [30, 37] with a Nanonis Control system. In all measurements, a sharp W-tip was used which was cleaned in situ via Ar + -sputtering.
In the STM images the tunnelling bias voltage, U T , is referenced to the sample and the tunnelling current, I T , is collected by the tip, which is virtually grounded.
DFT calculations. The crystallographic model of graphene/Ir(111) and graphene/Cu/Ir(111) presented in Fig. 1 was used in the DFT calculations, which were carried out using the projector augmented plane wave method [38] , a plane wave basis set with a maximum kinetic energy of 400 eV and the PBE exchange-correlation potential [39] , as implemented in the VASP program [40] . The long-range van der Waals interactions were accounted for by means of DFT-D2 approach proposed by Grimme [41] . The studied system is modelled using supercell, which has a (9 × 9) lateral periodicity and contains one layer of (10 × 10) graphene on a five-layer slab of metal atoms. Metallic slab replicas are separated by ca. 20Å in the surface normal direction. To avoid interactions between periodic images of the slab, a dipole correction is applied [42] . The surface Brillouin zone is sampled with a 7 × 7 × 1 k-point mesh centered the Γ point. where the actual temperature is specified for every spectra. where the actual temperature is specified for every spectra.
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